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TECHNICAL PAPER 


EVALUATION OF THERMAL CONTROL COATINGS AND POLYMERIC MATERIALS 
EXPOSED TO GROUND SIMULATED ATOMIC OXYGEN AND VACUUM 

ULTRAVIOLET RADIATION 


INTRODUCTION 


Over the past decade, aerospace designers, scientists, and engineers have worked to achieve a 
better understanding of the space environment and its effect on potential engineering materials and material 
processes. Material durability data generated from retrieved long-term space satellite experiments and from 
short-term space shuttle flight experiments have proven to be invaluable to the material scientist 
community. However, the cost in terms of time and dollars for this type of testing is often prohibitive. As 
a result, aerospace designers must increasingly rely on data generated from ground test simulations. 

The low-Earth orbit (LEO) environment is defined as that region of space between 200 and 1,000 
km (124 to 621 mi) above the Earth and is characterized by the presence of atomic nitrogen, hydrogen, 
helium, and, most predominately, atomic oxygen (AO). Produced by the interaction of molecular oxygen 
and ultraviolet (UV) radiation, AO has been shown to produce considerable damage to orbiting spacecraft 
that typically travel in this region at a velocity on the order of 8 km/s (18,000 mi/h). At this velocity, AO 
impacts the surface of the space vehicle with an energy of approximately 5 to 7 eV, causing significant 
erosion and oxidation damage to exposed materials. 

NASA’s plans for the development of a space station involve placement of the spacecraft within the 
LEO environment. In order to evaluate environmental effects on potential space station materials, various 
thermal control coatings and polymeric materials were exposed to AO and vacuum ultraviolet (VUV) 
radiation, singly and combined, in a series of tests conducted in the Princeton Plasma Physics Laboratory 
(PPPL) 5 eV Neutral Atomic Oxygen Facility and in the MSFC EH 15 Atomic Oxygen Drift Tube System 
(AODTS). Thermal control samples evaluated in this study included black duranodic anodized, chromic 
acid anodized, and sulfuric acid anodized aluminum, an inorganic black paint (currently under 
development by AZ Technology), Z93 white paint samples with the original PS7 binder and the new 
K2130 binder, Chemfab 250 beta cloth, with and without aluminization. Polymeric samples evaluated in 
this test series included bulk Halar™, bulk polyetheretherketone (PEEK), and silverized FEP Teflon™. 
Samples were evaluated for changes in mass, thickness, solar absorptance, and infrared emittance. 

Oftentimes, controversies arise among investigators concerning the accuracy of measured 
optical/thermal properties made using different spectroreflectometers and techniques. Thus, in addition to 
investigating material durability, a secondary goal of this test series was to evaluate and compare 
measurements from two different spectroreflectometers typically used by MSFC EH 15 investigators and 
by the private sector to measure total hemispherical reflectance/thermal solar absorptance. The EH 15 
Beckman DK2 spectroreflectometer was used for both the PPPL and AODTS test specimens to measure 
diffuse reflectance from 200 to 2,500 nm. This instmment uses a 20.3-cm (8-in) diameter integrating 
sphere coated with magnesium oxide in which the sample is centrally located. In addition, reflectance 
measurements were also made using the AZ Technology laboratory portable spectroreflectometer (LPSR). 
This instmment measures diffuse reflectance from 250 to 2,500 nm using a 10-cm (4-in) diameter 
integrating sphere. In this reflectometer, measurements are made with the sample located at the rear of the 
integrating sphere. 



TEST DESCRIPTION 


The Neutral Atomic Oxygen Beam Facility (fig. 1) located at the PPPL was developed under 
contract with MSFC. The system produces a 5-eV neutral AO beam by placing a metal plate in contact with 
magnetically (3 to 4 kgauss) confined AO plasma. The AO plasma is produced by a radio frequency (RF) 
driven lower hybrid plasma source. A magnetron supplies 1 kW of power at a frequency of 2.45 GHz to 
the center pin to produce the plasma. Because of the facility geometry, the AO plasma is magnetically 
confined such that a 1-cm (0.39-in) diameter plasma column is produced on centerline of the test chamber. 
The plasma column interacts with an electrically biased metallic plate. The bias applied to the plate 
accelerates ions from the plasma to the plate. During the acceleration process, the ions gain energy equal to 
the difference in the plasma potential and the neutralizer plate bias. Once the ions hit the plate, they collect 
an electron from the metal lattice and become neutral. Following collision with the neutralizer plate, the 
atoms are reflected toward the test specimen at a fraction of their precollision energy. The fraction of 
energy lost by the reflected atoms is a function of the type of material used to make the neutralizer plate. 
Because the energy of the reflected atom depends on the plasma potential, which is inherently subject to 
slight variations, not all atoms will be accelerated by the same potential difference. Thus, the reflected 
atoms will have a slight energy distribution. 1 

To best simulate orbital AO, the beam facility supplies 5-eV AO atoms, but the source is tunable 
from 3 to 20 eV. The limiting factor in the length of test runs in the system is the heating of the RF 
electrode. During operation of the system, the neutralizer plate collects nearly 4 A of ion current from the 
plasma. In order to maintain space charge conditions, the same amount of electron current must be lost 
from the plasma. Most of the electrons are collected by the electrode. Heating in the system has been 
limited by operating in a pulsed fashion with a duty cycle between 5 and 15 percent on-time. 

The AO flux produced by the PPPL system ranges from 5xl0 15 to lx 10 16 atoms/cm 2 . During 
production of the AO plasma, the system produces electromagnetic radiation. This radiation is produced 
primarily during the dissociation and ionization process. Attempts to identify and quantify the radiation 



Figure 1. PPPL 5-eV AO test system. 


2 


using a photodiode with appropriate narrow band filters indicated that the primary radiation line was 
130 nm, the AO resonant peak in the VUV region. The VUV intensity was determined to be nearly 200 
times the Sun’s intensity averaged over the duty cycle. In order to eliminate possible magnetic interactions, 
appropriate shielding is placed around the diode. 


The PPPL facility was used to expose various 2.54-cm (1-in) diameter samples over a series of 
two separate runs in the facility. Test samples were placed in specially designed sample fixtures capable of 
holding 14 individual specimens. These specimens were placed in the test chamber 5.5 cm (2.17 in) from 
the neutralizer plate. Thermocouples attached to the sample holder indicated a slight rise in temperature 
from 22 °C (72 °F) to approximately 50 °C (122 °F) where it remained over the test period. The increase in 
temperature was primarily due to heat radiating from the neutralizer plate and from the magnets. Kapton™ 
and Lexan™, materials of known AO reactivity, indicated the AO fluence of test run No. 1 was 1.2xl0 21 
atoms/cm 2 for the four samples located in the center of the holder and 6.3X10 20 atoms/cm 2 for the samples 
located on the outer edge of the sample holder. The samples in this test were exposed to approximately 
8,000 equivalent Sun hours (ESH) of VUV radiation. Control samples for test run No. 2 indicated an AO 
fluence of l.lxlO 21 atoms/cm 2 for the center samples and an AO fluence of 5.6xl0 20 atoms/cm 2 for the 
remaining samples. These samples also received approximately 8,000 ESH of VUV radiation. 

Unlike the PPPL facility that is capable of producing neutral 5-eV AO, the AODTS facility 
(fig. 2) produces a thermal AO plasma. Generated by a 14.7-MHz RF field, the AODTS plasma contains 
both AO atoms and ions, molecular oxygen atoms and ions, and excited state atoms and electrons. 
However, the AODTS facility is designed such that samples are exposed outside the RF field. This 
eliminates sample exposure to any plasma charged particles and unwanted sample heating. 



Figure 2. AODTS thermal AO test system. 


A total of twenty-eight 2.54-cm (1-in) diameter samples were exposed in the AODTS system using 
the same two sample fixtures used in the PPPL test series. Fourteen samples were tested such that the 
exposed surface faced in the general drift direction (“ram”), while a second set of 14 samples faced 180° 
from the drift direction (“wake”). The AO plasma was generated using an RF power of 150 W. Samples 
were exposed at a test pressure of 90 mtorr and an average test temperature, as monitored by 
thermocouples attached to the sample holders, of 25 °C (77 °F). Polyethylene samples were used to 
monitor the total AO flux for both the ram and wake positions. Over the testing period, the AODTS 
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chamber was brought up to atmospheric pressure a total of four times in order to remove and replace the 
polyethylene monitoring samples. Total sample exposure time was just over 64 days (1,538.11 hours), 
producing a ram AO fluence of 7.1X10 22 atoms/cm 2 and a wake fluence of 2.1xl0 22 atoms/cm 2 . 

Black Duranodic Anodized Aluminum 

A total of six duranodic samples* were tested, of which two were used as lab controls, two were 
exposed in the AODTS test, while the remaining two were exposed in the PPPL test. In the PPPL test, one 
sample was fully exposed to the environment, while the other was protected from AO by a UV- 

transmitting window. Sample coating thickness of 47.2 /xm (1.86 mils) was measured before exposure. 

No visible change in appearance was noted following exposure in either the PPPL or AODTS 
facility. Mass, coating thickness, reflectance/solar absorptance, and infrared emittance measurements were 
made on all the samples both pre- and posttest. LPSR and DK2 reflectance curves for both the AODTS- 
and PPPL-exposed specimens are shown in figures 3 and 4, while mass, coating thickness, solar 
absorptance, and infrared emittance raw data are included in appendices A and B. Table 1 summarizes the 
optical data for both the PPPL- and AODTS-exposed duranodic samples. Infrared emittance for these and 
all other samples was measured with a Gier-Dunkle DB100 infrared reflectometer. The average 
preexposure values were derived from data taken on the two control and the two test samples for each 
respective test prior to exposure. By way of comparison, McDonnell Douglas Aerospace reported pretest 
values for the Duranodic samples at 0.87 for solar absorptance, using a Perkin-Elmer Lambda 9 
reflectometer, and 0.87 for infrared emittance (corrected). Although the LPSR and the DK2 differ in the 
absolute value of solar absorptance, both do indicate that the solar absorptance was not greatly affected by 
exposure. The greatest change in solar absoiptance was indicated by the LPSR, with an approximately 
2.4-percent decrease as a result of the PPPL UY exposure. Emittance values were unchanged as a result of 
exposure in the PPPL test and AODTS test. 

Table 1. Black duranodic anodized aluminum test results. 


Exposure 

PPPL Exposure 
Fluence ~ 6.8X10 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH (130 ran) 

AODTS Exposure 
Fluence - 2.1x10 22 atoms/cm 2 

LPSR a s 

DK2 a s 

£ir 


DK2 a s 

ZlR 


0.84 

0.88 

0.88 

0.84 

0.89 

0.88 

Posttest controls 

0.84 

0.88 

0.88 

0.84 

0.88 

0.88 

VUV-exposed 

0.82 

0.89 

0.88 




5 eV AO+VUV 

0.83 

0.89 

0.88 




Thermal AO 




0.83 

0.88 

0.88 


* Duranodic and sulfuric acid anodized aluminum samples provided by Cherie Jones, McDonnell Douglas Aerospace, Huntington 
Beach, CA. 
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Figure 4. DK2 and LPSR reflectance of PPPL-exposed black duranodic 

anodized aluminum. 








Chromic Acid Anodized Aluminum 


A total of 15 chromic acid anodized (CAA) aluminum samples* were tested for susceptibility to AO 
and VUV degradation. Five samples each of three different anodized coating thickness, noted here in order 
of decreasing thickness as 75TK, 45MM, and 30TN, were evaluated. Two samples of each set were 
exposed in the AODTS test, two were exposed in the PPPL test, and the remaining saimple used as a lab 
control. In the PPPL test, one sample was fully exposed to the environment while the other was protected 
from AO by a UV-transmitting window. 

No visible change in appearance was noted following exposure in either the PPPL or AODTS 
facility. Mass, coating thickness, reflectance/solar absorptance, and infrared emittance measurements were 
made on all the CAA samples before and after exposure. LPSR and DK2 reflectance curves of the various 
anodize thicknesses are shown in figures 5 through 10, while mass, coating thickness, solar absorptance, 
and infrared emittance raw data are shown in appendices A and B. 

Table 2 summarizes the optical data for both the PPPL- and AODTS-exposed CAA samples. The 
average preexposure values were derived from data taken on the control and the two test samples for the 
AODTS test prior to exposure. Although the LPSR and the DK2 differ in the absolute value of solar 
absorptance, both do indicate that the solar absorptance was not greatly affected by exposure. Variations in 
the 30TN sample reflectance indicate an extremely thin oxide layer with some scatter from the substrate. 
Emittance values for the thicker 75TK samples were stable following exposure in the PPPL test and 
AODTS test. Emittance values for the thinner 45MM and 30TN samples showed a decrease ranging from 
4 to 13 percent. 


Table 2. CAA aluminum test results. 


Type 

CAA 

Exposure 

PPPL Exposure 

Fluence - 6.8x1 0 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH 
(130 nm) 

AODTS Exposure 
Fluence - 2.1x1 0 22 atoms/cm 2 

LPSR a s 

DK2 a s 

£ir 

LPSR a s 

DK2 a s 

£ir 

75TK 

Average preexposure 

0.36 

0.40 

0.73 

0.37 

0.40 

0.73 

75TK 

Posttest controls 




0.37 

0.40 

0.73 

75TK 

VUV exposed 

0.37 

0.40 

0.73 




75TK 

5 eV AO+VUV 

0.37 

0.41 

0.73 




75TK 

Thermal AO 




0.37 

0.40 

0.72 

45MM 

Average preexposure 

0.34 

0.37 | 

0.50 

0.34 

0.36 

0.50 

45MM 

Posttest controls 




0.33 

0.36 

0.50 

45MM 

VUV exposed 

0.33 

0.37 

0.48 




45 MM 

5 eV AO+VUV 

0.33 

0.37 

0.48 




45MM 

Thermal AO 




0.33 

0.36 

0.49 

30TN 

Average preexposure 

0.29 

0.32 

0.30 

0.29 

0.32 

0.30 

30TN 

Posttest controls 




0.29 

0.33 

0.30 

30TN 

VUV exposed 

0.29 

0.32 

0.28 




30TN 

5 eV AO+VUV 

0.28 

0.32 

0.26 




30TN 

Thermal AO 




0.29 

0.32 

0.29 


* Samples provided by Johnny Golden, Boeing Aerospace, Seattle, WA. 
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Figure 5. DK2 and LPSR reflectance of AODTS-exposed 75TK chromic acid 

anodized aluminum. 
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Figure 6. DK2 and LPSR reflectance of PPPL-exposed 75TK chromic acid 






Figure 7. DK2 and LPSR reflectance of AODTS-exposed 45MM chromic acid 

anodized aluminum. 
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Figure 8. DK2 and LPSR reflectance of PPPL-exposed 45MM chromic acid 

anodized aluminum. 





Figure 9. DK2 and LPSR reflectance of AODTS-exposed 30TN chromic acid 

anodized aluminum. 
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Figure 10. DK2 and LPSR reflectance of PPPL-exposed 30TN chromic acid 

anodized aluminum. 




Sulfuric Acid Anodized Aluminum 


A total of six sulfuric acid anodized (SAA) aluminum samples were tested, of which two were 
used as lab controls. Two of the six were exposed in the AODTS test while the remaining two were 
exposed in the PPPL test. In the PPPL test, one sample was fully exposed to the environment, while the 
other was protected from AO by a UV-transmitting window. Pretest coating thickness was reported to be 

15.2 jjm (0.6 mils). 

No visible change in appearance was noted following exposure in either the PPPL or AODTS 
facility. Mass, coating thickness, reflectance/solar absorptance, and infrared emittance measurements were 
made on all the SAA samples before and after exposure. LPSR and DK2 reflectance curves are shown in 
figures 1 1 and 12, while mass, coating thickness, solar absorptance, and infrared emittance raw data are 
shown in appendices A and B. 

Table 3 summarizes the optical data for both the PPPL- and AODTS-exposed SAA samples. The 
average preexposure values were derived from data taken on the two control and the two test samples for 
each respective test prior to exposure. By way of comparison, McDonnell Douglas reported pretest values 
of 0.45 for solar absorptance using a Perkin Elmer Lambda 9 spectroreflectometer and 0.86 for infrared 
emittance. Although the LPSR and the DK2 differ in the absolute value of solar absorptance, both do 
indicate that the solar absorptance was not greatly affected by exposure. Emittance values were also 
unchanged as a result of exposure in the PPPL test and AODTS test. 

Table 3. SAA aluminum test results. 


Exposure 

PPPL Exposure 
Fluence - 1.2X10 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH (130 nm) 

AODTS Exposure 
Fluence - 7. lxlO 22 atoms/cm 2 

LPSR a s 

DK2 Gt s 

£ir 


DK2 a s 

£//? ! 


0.40 

0.45 

0.86 

0.40 

0.45 

0.86 

| Posttest controls 




0.41 

0.45 

0.86 


0.40 

0.45 

0.86 




5 eV AO+-VUV 

0.41 

0.46 

0.86 




Thermal AO 




0.39 

0.44 

0.86 


Black Inorganic Paint 

A newly developed black inorganic paint* composed of a copper oxide-iron oxide mixture with a 
potassium silicate Kasil 2130 binder was evaluated for AO sensitivity. A total of five paint samples were 
tested and evaluated, of which one was used as a lab control. Two of the five were exposed to thermal AO 
in the AODTS test, while the remaining two were exposed to 5-eV oxygen in the PPPL test. 

No visible change in appearance was noted following exposure in either the PPPL or AODTS 
facility. Reflectance/solar absorptance and infrared emittance measurements were made on all the paint 
samples prior to and following exposure. LPSR and DK2 reflectance curves are shown in figures 13 and 
14 while mass, coating thickness, solar absorptance and infrared emittance raw data are shown in 
appendices A and B. 


* Samples provided by Richard Mell, AZ Technology, Huntsville, AL. 
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Figure 11. DK2 and LPSR reflectance of AODTS-exposed sulfuric acid 

anodized aluminum. 





Figure 12. DK2 and LPSR reflectance of PPPL-exposed sulfuric acid 

anodized aluminum. 






Figure 13. DK2 and LPSR reflectance of AODTS-exposed black inorganic paint 








Figure 14. DK2 and LPSR reflectance of PPPL-exposed black inorganic paint. 





Table 4 summarizes the optical data for both the PPPL- and AODTS-exposed paint samples. The 
average preexposure values were derived from data taken using the control and the two test samples for the 
AODTS test prior to exposure. Although the LPSR and the DK2 differ in the absolute value of solar 
absorptance, both do indicate that the solar absorptance was not greatly affected by exposure. Emittance 
values were also unaffected by exposure in the PPPL test and AODTS test. 

Table 4. Black inorganic paint test results. 


Exposure 

PPPL Exposure 
Fluence - 7.2xl0 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH (130 nm) 

AODTS Exposure 
Fluence - 2.1x10 22 atoms/cm 2 

LPSR a s 

DK2 a s 

£ir 

LPSR a, 

DK2 a s 

£//? 

Average preexposure 

0.95 

0.97 

0.89 

0.95 

0.98 

0.90 

Posttest controls 




0.95 

0.97 

0.90 

VUV exposed 

0.95 

0.97 

0.89 




Thermal AO 




0.95 

0.98 

0.90 


Z93 White Paint 

A series of tests were conducted on the AO/AO+UV stability of the “new” Z93 coating made using 
K2130 binder as compared to the “original” Z93 made using the PS7 binder. Both PS7 and K2130 binder 
coatings were tested for AO stability in the AODTS system. The Dlinois Institute of Technology Research 
Institute (IITRI) supplied a batch of PS7 and K2130 binder Z93 samples^ for testing. In addition, 
McDonnell Douglas Aerospace supplied a batch of PS7 and K2130 binder Z93 samples§ ** for AODTS 
testing. No visible change in appearance was noted following exposure in the AODTS facility. Table 5 
summarizes the thermal properties measured both pre- and posttest for the PS7 and K2130 binder samples 
exposed in the AODTS. The average preexposure values were derived from data taken on the controls and 
the two test samples for each respective test prior to exposure. DK2 reflectance for exposed IITRI samples 
with PS7 and K2130 is shown in figure 15 (no LPSR data available). DK2 reflectance for some 

Table 5. Z93 AODTS test results. 


AO Fluence 
~ 2.1xl0 22 atoms/cm 2 

Original PS7 Bind 

er 

New Kasil 2130 Binder 

LPSR a s 

DK2 cc s 

£//? 

LPSR a s 

DK2 a s 

£ir 

| IITRI Z93 | 

Average preexposure 


0.16 

0.92 


0.16 

0.92 

Posttest controls 


0.15 

0.92 


0.16 

0.92 

Thermal AO exposed 

0.15 

0.16 

0.92 

0.15 

0.16 

0.92 

McDonnell Douglas Z93 j 

Average preexposure 

0.14 

0.17 

0.92 

0.15 

0.17 

0.93 

Posttest controls 

0.15 

0.16 

0.92 

0.16 

0.17 

0.92 

Thermal AO exposed 

0.15 

0.16 

0.91 

0.16 

0.17 

0.92 


§ Samples provided by Dr. Yosh Harada, IITRI, Chicago, IL. 

** Samples provided by Hank Babel, McDonnell Douglas, Huntington Beach, CA. 
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of the ETRI-supplied PS7- and K2130-exposed samples is shown in figure 15 (no LPSR data available). 
LPSR and DK2 reflectance curves for the McDonnell Douglas PS7 and K2130 samples can be found in 
figures 16 and 17. Solar absorptance and infrared emittance raw data for all the samples can be found in 
appendices A and B. As evident from the data, both solar absorptance and infrared emittance were not 
significantly affected by the test exposures. Water desorption was noted, as shown in the slight increase in 
infrared reflectance. 

Two samples of each binder formulation supplied by IITRI were also tested at the PPPL facility, 
configured such that one of each binder type was protected from AO by a UV-transmitting window. The 
K2130 binder samples initially appeared dry and cracked; exposure in the PPPL test caused the paint to 
flake away from the aluminum substrate and thus no posttest data could be taken. Table 6 summarizes the 
optical properties measured pre- and posttest for the PS7 binder samples exposed in the PPPL test. LPSR 
and DK2 reflectance curves for the Z93 PS7 samples can be found in figure 18. As in the AODTS test, 
both solar absorptance and infrared emittance were not significantly affected by the AO exposure. 

Table 6. Z93 PPPL test results. 


IITRI Z93/PS7 Binder 

PPPL Exposure 
Fluence - 7.2X10 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH (130 nm) 

Exposure 

LPSR a s 


ZlR 

Average preexposure 

0.15 

0.17 

0.92 

VUV exposed 

0.15 

0.16 

0.92 

5 e V AO+ VUV 

0.15 

0.16 

0.92 


Polymers 

Bulk samples of Halar™, a copolymer of chlorotrifluoroethylene and ethylene, PEEK, and 
1-in button samples of 127-/tm (0.005-in) silverized FEP Teflon™ tape were exposed in the PPPL and 
AODTS test systems. In the PPPL test a UV-transmitting window was used to protect one of the two 
silver Teflon™ test samples from AO, thus exposing the sample to VUV radiation only. Both the Halar™ 
and PEEK samples appeared lighter in the exposed region as a result of exposure in the PPPL and AODTS 
test systems. The silverized Teflon™ specimen exposed to both AO and VUV radiation in the PPPL test 
appeared more diffuse and white in color in the exposed region, but the specimen that was exposed to only 
VUV showed no visible change in appearance. The AODTS-exposed silverized Teflon™ appeared to have 
a slight milky white film over the exposed region. Mass, thickness change, and some optical data can be 
found in appendices A and B. Reflectance curves for the AgFEP samples can be found in figures 19 and 
20. Solar absorptance and infrared emittance values for the AgFEP samples are summarized in table 7. AO 
reaction efficiencies for all three polymers were calculated based bn mass and thickness change. These 
values can be found in table 8 along with previous shuttle flight data for comparison. 

Beta Cloth 

One sample each of Chemfab 250 beta cloth and aluminized beta cloth was exposed to VUV 
radiation only in the PPPL test. Samples were protected from AO by a UV-transmitting window. Posttest 
visual observations indicated that both beta cloth samples appeared slightly yellow in the exposed region. 
In addition, one sample of aluminized beta cloth, previously exposed to approximately 700 ESH of 
enhanced ultraviolet (EUV) radiation from 250 to 400 nm in the EH 15 EUV solar simulator, was exposed 
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Figure 16. DK2 and LPSR reflectance of AODTS-exposed Z93/PS7 binder 

(McDonnell Douglas). 
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Figure 18. DK2 and LPSR reflectance of PPPL-exposed Z93/PS7 binder (UTRI). 
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Figure 20. DK2 and LPSR reflectance of PPPL-exposed silverized 

FEP Teflon™ tape. 





Table 7. Silverized Teflon™ test results. 


Exposure 

PPPL Exposure 
Fluence - l.lxlO 20 atoms/cm 2 
VUV Irradiance - 8,000 ESH (130 nm) 

AODTS Exposure 
Fluence ~ 7.1X10 22 atoms/cm 2 

LPSR a s 

DK2 a s 

ZlR 

LPSR a s 

DK2 a s 

ZlR 

Average preexposure 

0.062 

0.072 

0.80 


0.069 

0.81 

VUV exposed 

0.060 

0.068 

0.80 




5 eV AO+VUV 

0.085 

0.094 

0.70 




Thermal AO 




0.068 

0.068 

0.78 


Table 8. Reaction efficiencies (xlO -24 cm 3 /atom) for space- and lab-exposed polymers. 


AO Reaction Efficiency x 10~ 24 cm 3 /atom 


STS-5 and 

MSFC 

LDEF 






STS-8 

STS-41 

A0171 

MSFC EOIM-3 

JSC EOIM-3 

PPPL 

AODTS 

Fluence 

l.OxlO 20 

l.OxlO 20 

6.93X10 21 

2.2xl0 20 

2.2X10 20 

7.2xl0 20 + 

7.10X10 22 

atoms/cm 2 






8,000 ESH 








VUV 


Halar (bulk) 


1.6** 

2.1§§ 

2.0§§ 

2.1§§ 

3.2^ 




i.o** 


2.5tt 


3.4$§ 




2.0§§ 




3.2** 








3.0** 

■■i 

PEEK (bulk) 


4.85i 

2.3§§ 


3.9§§ 

2.8§§ 

mam 






Mfg. by 

3.0** 

mBM 





3.7+t 

Victrix 


tpMl 





4.0** 



1 


<0.05 


0.34tt 

0.082f @ 60 °C 

0.046 






<A0178> 

0.094f @ 120 *C 








0.082t @ 120 "C 





Atomic Reaction Efficiency 
+t Based on change in thickness 
^Based on change in mass 


to thermal AO in the AODTS test. Examination of this sample prior to exposure in the AODTS test 
indicated that it had been clearly yellowed by the 700 ESH of EUV. Following AODTS exposure, the 
sample appeared in almost pristine condition, having been “cleaned” or bleached by the AO exposure. The 
decrease in solar absorptance following exposure in the AODTS system clearly verifies this cleaning 
effect. Mass, solar absorptance, and infrared emittance raw data for the samples are shown in appendices 
A and B. LPSR and DK2 reflectance curves are shown in figures 21, 22, and 23. Tables 9 and 10 
summarize the optical data for the PPPL and AODTS tests. 
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Figure 21. DK2 reflectance of EUV irradiated aluminized beta cloth 
bleached by AODTS AO. 











Figure 22. DK2 and LPSR reflectance of PPPL VUV-irradiated beta cloth. 
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Figure 23. DK2 and LPSR reflectance of PPPL VUV-irradiated aluminized beta cloth. 




Table 9. Test results of beta cloth exposed to PPPL VUV. 


Exposure 

PPPL Exposure 

VUV Irradiance - 8,000 ESH (130 nm) 

LPSR a s 

DK2 a s 

£ir 

Control - unaluminized 

0.19 

0.23 

0.90 ! 

VUV exposed unaluminized 

0.22 

0.26 

0.90 

Control - aluminized 

0.31 

0.34 

0.91 

VUV exposed aluminized 

0.33 

0.34 

0.90 


Table 10. Test results of aluminized beta cloth exposed to AODTS and EUV. 


Exposure 

PPPL Exposure 

2.1xl0 20 atoms/cm 2 , EUV Irradiance 
- 700 ESH (250 to 400 nm) 

LPSR a s 

DK2 a s 

£ir 

Average preexposure 

0.37 

0.39 

0.90 

Thermal AO exposed 

0.31 

0.33 

0.90 


CONCLUSIONS 


In general, thermal properties of the black anodized, sulfuric anodized, and chromic anodized 
samples remained fairly stable following exposure in the PPPL and AODTS tests. In addition, both the 
black inorganic and the Z93 thermal control paints showed little to no variation in thermal properties 
following exposure in either test. Reaction efficiencies for the bulk Halar™ and PEEK polymers exposed 
to AO and VUV in the PPPL test differ slightly from values generated from shuttle flight data. This slight 
difference is probably due to the VUV exposure in the PPPL test and slight differences in the chemical 
makeup of the different polymer sample lots. Bulk Halar™ samples exposed to thermal AO in the AODTS 
system appeared to have reaction efficiencies on the order of 100 times less than those samples exposed to 
neutral 5-eV AO. Bulk PEEK samples exposed to thermal AO in the AODTS system appeared to have 
reaction efficiencies on the order of only 20 times less than those samples exposed to neutral 5-eV AO. 
Thermal properties of the silverized FEP samples remained fairly stable following exposure to VUV 
radiation only in the PPPL test and to thermal AO only in the AODTS test. However, silverized FEP 
samples showed a large variation in both reaction efficiency and thermal properties when exposed to 
synergistic 5-eV AO and VUV in the PPPL test. Beta cloth specimens showed a slight increase in solar 
absorptance due to VUV exposure in the PPPL system. Beta cloth samples previously darkened by EUV 
radiation experienced a “cleaning” effect when exposed to thermal AO in the AODTS system as indicated 
by both visual observations and solar absorptance measurements. 

Both the LPSR spectroreflectometer and the DK2 spectroreflectometer were fairly consistent in 
reporting changes in solar absorptance due to test exposures. However, variation in solar absorptance was 
evident for most all specimens when comparing absolute values measured using the LPSR 
spectroreflectometer and those values measured using the DK2 spectroreflectometer. Beta cloth and 
chromic acid anodized samples appeared to show the greatest difference between LPSR and DK2 values, 
while the duranodic, black inorganic, and Z93 specimens appeared to be more consistent. As a result, care 
should be taken when quoting and requiring specific absolute values of solar absorptance. 
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APPENDIX A 


AODTS Test Raw Data 




ODek-Tak 

Ram Flucnce »7.i x i o u atoms/cm* Wake Ftuence = xi x io u aiomsW April - June 1993 ’ Dek-Tak measurements did not yield any information 


«*T 

<u 

■a 

3 

Q 

<3 

5 

<*r Co' 
< ^ 








O 

cn 




rn 

CN 

o 

CO 

CN 

9 

TT 

rn 

9 

TT 

cn 

9 


0.35 

0.35 

0.82 

0.70 


X 

O' 

© 

-0.82 

0.41 

CN 

cn 

X 

CN 

© 

CN 

X 

rn 

cn 

T 

cn 

TT 

pi 


-0.55 

to 

« 

« 

£ 





X 

oo 

00 

o 

00 

00 

O 


tt 

00 

p 

d 


J 


© 

00 

oo 

© 

© 

00 

00 

d 

S 

00 

© 

O' 

r- 

00 

© 

* 

X 

00 

d 

O' 

X 

00 

d 

CN 

X 

00 

© 

Tp 

X 

00 

d 


TP 

© 

X 

CN 

© 

CN 

cn 

P' 

© 

© 

O' 

TP 

© 

00 

00 

Tp 

d 

X 

O' 

TP 

d 

X 

O' 

rs 

d 

O' 

00 

p 

© 

oo 

O' 

P 

d 

p 

00 

p 

© 


O' 

O' 

00 

© 

to 

4> 

1 








oo 

o 

00 

d 

p 

o 

oo 

d 



<N 

oo 

oo 

d 

CN 

OO 

00 

© 

cn 

00 

00 

© 

CN 

OO 

OO 

d 


oo 

X 

oo 

d 

X 

X 

s 

X 

X 

00 

© 

00 

X 

00 

d 


cn 

r* 

© 

cn 

P- 

d 

O' 

d 

© 

© 

o 

X 

© 

X 

© 

X 

© 

X 

© 

cn 

O 

p 

© 

m 

© 

p 

o 

m 

© 

TT 

O' 

P 

© 


TT 

© 

O' 

© 

rxa '» 

<3 b 








cn 

P 

d 




9 

9 

p 

X 

d 

rn 


TP 

CN 

cn 

© 

** 

00 

© 


X 

CN 

=? 

X 

2 

X 

r- 

9 

X 

cn 

• 

© 

© 

CN 

pi 

CN 

cn 

p 

X 

d 

© 

d 



p 

TT 

to 

« 

to 

o 

Ou 








TT 

O' 

X 

o 

d 


OO 

X 

© 

o 


oo 

oo 

© 

P 

00 

OO 

© 

p 

oo 

© 

00 

oo 

o 


TP 

TP 

TP 

© 

O' 

m 

TP 

d 

© 

Tp 

Tp 

d 

© 

X 

Tp 

d 


O' 

O' 

X 

d 

oo 

© 

cn 

© 

X 

O' 

cn 

© 

O' 

X 

cn 

© 

X 

X 

cn 

© 

Tp 

X 

m 

d 

cn 

pi 

rn 

© 

p 

cn 

d 

oo 

p 

rn 

© 



m 

rn 

m 

d 

1/9 

<L> 

<U 

£ 








o 

O' 

oo 

VO 

o 

d 

O' 

CN 

00 

X 

o 

d 



<N 

OO 

oo 

d 

oo 

oo 

oo 

© 

O' 

p 

oo 

d 

cn 

O' 

oo 

© 


X 

X 

TT 

© 

cn 

X 

TP 

© 

O' 

Tp 

Tp 

d 

X 

X 

TT 

© 


© 

© 

Tp 

d 

p" 

O' 

cn 

d 

O' 

O' 

cn 

© 

CN 

P* 

X 

© 

X 

X 

cn 

© 

rs 

P 

cn 

o 

rn 

cn 

O 

rn 

P 

cn 

© 

cn 

m 

d 

O' 

m 

© 


P 

oo 

cn 

O 

Cd 

CO 

Ou 

J 

dr 

<1 ^ 












ri 

i 

© 

CN 

5 

9 

O' 

X 

9 


<s 

1 

cn 

X 

d 

© 

CN 


X 

X 

© 

O' 

■ 

X 

X 

© 

Tp 

CN 

i 

oo 

cn 

X 

cn 

© 

CN 

P 

TT 

oo 

p 


X 

X 

Cfl 

u 

to 

O 

a. 





CN 

O 

p 

o 

s 

p 

© 


oo 

X 

© 

d 


© 

X 

© 

© 


x 

CN 

oo 

© 

© 

CN 

OO 

d 

X 

CO 

00 

© 

O' 

cn 

OO 

© 


00 

O' 

cn 

© 

© 

O' 

cn 

© 

X 

O' 

m 

© 

TP 

TP 

d 


oo 

X 

cn 

© 

cn 

X 

cn 

© 

X 

X 

cn 

d 

O' 

CN 

cn 

© 

P 

CN 

cn 

© 

X 

CN 

cn 

d 

OO 

OO 

PI 

© 

© 

O' 

p 

© 

© 

O' 

p 

© 

oo 

p 

© 


O' 

© 

m 

d 

CO 

O 

d> 

£ 












rn 

tp 

oo 

d 

X 

Tp 

oo 

d 

p 

cn 

oo 

d 

rp 

■'T 

oo 

© 


cn 

© 

''T 

© 

X 

© 

cn 

© 

TP 

O' 

cn 

© 

X 

© 

TP 

d 


X 

X 

cn 

© 

© 

p- 

cn 

© 

3 

cn 

© 

p- 

cn 

cn 

© 

© 

TP 

cn 

© 

p 

cn 

m 

d 

TP 

O' 

p 

© 

X 

O' 

p 

© 

TP 

O' 

p 

© 

O' 

oo 

p 

© 


X 

X 

m 

d 

Coating Thickness (Mils) 

to 

« C 

g D 

Oh 








o 

X 

CN 

d 


X 

p 

© 

© 


© 

X 

§ 

© 

© 

rn 

© 

d 

© 

o: 

© 

© 

© 

© 

m 

© 

d 


X 

X 

■cn 

O 

© 

© 

oo 

X 

© 

o’ 

© 

© 

CN 

© 

© 

© 
• — 
CN 
CN 
© 
O 


© 

i 

© 

© 

© 

c; 

CN 

© 

d 

© 

CN 

© 

© 

© 

CJ 

TP 

© 

© 

© 

CJ 

cn 

© 

d 

© 

CN 

00 

© 

© 

o 

© 

CN 

P 

© 

© 

o 

CJ 

oo 

© 

o 

© 

p 

TP 

© 

© 

© 

p 

O' 

© 

o 

o 



to _ 
u C 

| o 











'/v- 1 

fel 

© 

x 

© 

© 

© 

oo 

§ 

d 

© 

X 

© 

© 

© 

o 

© 

: 

o 

C! 

TP 

cn 

© 

© 

© 

§ 

CN 

© 

d 

© 

§ 

© 

O 

© 

C! 

CN 

© 

© 


X 

CJ 

cn 

© 

© 

X 

2 

© 

© 

X 

1 

© 

© 

X 

2 

© 

© 

X 

CJ 

X 

© 

© 

X 

2 

© 

o 

X 

CJ 

X 

© 

© 

X 

CJ 

cn 

© 

© 

X 

CJ 

oo 

© 

d 

X 

1 

© 

© 





o 

oo 

cn 

© 

• 


• 

• 


1 

o 

s 

d 



1 

© 

d 

© 

d 

© 

d 

© 

© 


© 

g 

© 

© 

X 

© 

© 

© 

TT 

© 

9 

© 

5 

9 


C5 

cn 

CN 

O 

6 

5, 

O' 

cn 

© 

© 

>— N 

X 

oo 

' — ' 

cn 

00 

ao 

© 

© 

© 

So 

n 

© 

d 

© 

© 

d 

m 

X 

cn 

© 

© 

g 

X 

TP 

© 

© 

p 

TT 

o 

© 

g 

Tp 

rn 

© 

© 



to 

li 

1 








1 

O' 

p 

xi 


1 

O' 

x 

X 

;:V 

tt 

tt 

tp 



X 

X 

d 

m 

X 

d 

CN 

X 

d 

cn 

X 

© 


cn 

CN 

d 

Tp 

cn 

d 

O' 

cn 

© 

X 

P* 

© 

d 

o^ 

© 

© 

© 

O' 

o 

d 

m 

X 

© 

d 

X 

X 

© 

© 

cn 

P 

© 

© 

cn 

X 

o 

© 

j; 


to 

1 

uii-J 







1 

m 

Tp 

X 

1 

oo 

TT 

X 



tp 

TT 


TP 


X 

X 

© 

00 

X 

© 

X 

X 

© 

X 

d 

j;.,:;. 

[§ 

X 

O' 

© 

© 

P* 

O' 

© 

© 

oo 

© 

© 

© 

00 

© 

© 

o 

00 

© 

d 

p 

p 

© 

© 

p 

© 

© 

i 

X 

p 

© 

d 

O' 

p 

© 

© 



Mass 

s 

< s 


00 

o 

X 

© 

Ov 

d 


s 

x 

o 

x’ 


p 

X 

cn 




© 

X 

NT 

© 

© 

d 

s 

© 

© 

X 

''T 

© 


© 

<N 

TP 

d 

8 

CN 

d 

o 

O' 

CN 

© 

§ 

cn 

d 


© 

X 

9 

I 

© 

oo 

CN 

9 

¥ 

© 

9 

© 

CN 

9 

© 

o 

O' 

© 

d 

© 

X 

d 

g 

X 

© 

9 

© 

© 

TT 

© 

d 

© 

© 

Tp 

o 

9 

o 

© 

O' 

© 

9 


cn 

p 

to 

u ^ 

H 'So 


OO 

x 

VO 

CM 

<N 

TT 

P 

p 

<N 

pi 


p 

oo 

o 

o 

VO 

O 

Ov 

p 

tp 

pi 


x 

CN 

CN 

00 


<n 

tp 

cn 

TT 

CN 


O' 

X 

© 

m 

TT 

m 

X 

© 

CN 

TP 

X 

X 

© 

cn 

■*r 

X 

© 

CN 

cn 

tp 


O' 

5 

© 

X 

TP 

00 

© 

S 

X 

TT 

O' 

00 

P^ 

r* 

TP 

Tp’ 

O' 

CN 

5 

TP 

TT 

, 

s 

CN 

TP 

CN 

X 

© 

TP 

TP 

CN 

TP 

cn 

p- 

CN 

s 

cn 

cn 

CN 

X 

p 

TP 

cn 

pi 

O' 

cn 

m 

pi 

X 

cn 

TP 

pi 

m 

p 

TT 

pi 

m 

p 

TP 

pi 

*T 

X 

m 

oi 

P 

o 

a 

p 

o> 

p 

© 

to 

o ^ 
*7 ao 

- 

ui 

cu 


VO 

p 

p 

vO 

P 

pi 

? 

P 

p 

CN 

CN 


cn 

O' 

x 

X 

O 

o 

m 

x 

(N 


<N 

O' 

x 

X 

00 

O 

x 

X 

p 



m 

(N 

© 

m 

Tp 

oo 

© 

O' 

CN 

Tp 

© 

© 

© 

cn 

•vp 

X 

cn 

T T 


cn 

00 

o 

X 

Tp 

O' 

P" 

cn 

© 

X 

TP 

X 

p^ 

TP 

TP 

© 

O' 

cn 

O' 

TP 

TT 


CN 

O' 

CN 

Tp 

CN 

cn 

cn 

TP 

TP 

CN 

X 

X 

P- 

TP 

CN 

X 

P~ 

cn 

cn 

CN 

TT 

oo 

TP 

cn 

pi 

X 

p 

cn 

m 

pi 

p 

X 

m 

TP 

pi 

X 

m 

p 

TP 

pi 

p 

p 

Tp 

pi 

m 

X 

X 

cn 

pi 

X 

+ 

X 

cn 

m 

O' 

p 

d 


u 

s 

CO 

8. 

w 


I 

O 

CO 


I 

4J 

JX 

eg 

£ 


I 

1 

c 

o 

U 

O 

i— 

c 

o 

O 


J 

j 

O 

u. 

C 

o 

O 

*5 

±j 

c 

o 

CJ 


£ 

a 

0 tf 

£ 

CO 

a: 

o 

c 

o 

CJ 

| 

c 

o 

U 


i 


O 

C 

o 

a 

1 

2 

2 

*o 

w 

5 

a 

! 

i 

2 

2 

lJ 

o 

t— 

o 

lL 

o 

o 

O 


u 

a 

£ 


— 

Q. 

E 

CO 

CO 

u 

01 

CB 

1. . 

X> 

=»: 

X 

<N 

% 

L_ 

* 

W 

a. 

X 

X 

CN 

0* 

Cd 

(*. 

CD 

< 

X 

X 

CN 

• 

<N 

■o 

0 

1 

3 

g 

CO 

Q 

s 

X 

Q 

X 

Q 

(i 

U 

<W 

cn 

00 

TP 

cn 

X 

00 

X 

CO 

o 

cn 

^4 

X 

P- 

TP 

J£ 

X 

P- 

X 

-£ 

X 

P* 

l rn 

X 

TP 

X 

Tp 

X 

£ 

£ 

X 

TT 

cn 

© 

cn 

j 

Tp 

© 

rn 

X 

© 

rn 

X 

© 

cn 

JZ 

5 

*-C 

y 

< 


35 




April • June 1993 


wf 

u 

i 

Q 

6 

o 



wo 

vO 

9 

ro 

rO 

9 

CM 

CM 

O 

i" 

WO 

SO 

9 

CM 

CM 

9 

SO 

NO 

d 

’ 


© 

d 

NO 

NCI 

© 


0T 

WO 

9 

VO 

© 

9 

CM 

CM 

9 

CM 

CM 

9 


-0.55 

TT 

MT 

9 

TT 

TT 

9 

CM 

CM 

d 

■NT 

NT 

9 

s 

£ 


wo 

g 

d 

00 

g 

o 

»o 

g 

O 

WO 

g 

o 

On 

g 

d 

)£ 

g 

o 


$ 

OO 

o 

£ 

On 

00 

d 

i 

d 


© 

g 

d 

© 

© 

d 

CO 

CM 

© 

© 

g 

d 


CM 

© 

d 

CO 

© 

d 

TT 

g 

o 

r- 

© 

d 

WO 

g 

d 

to 

V 

1 


g 

d 

s 

ON 

o 

co 

cm 

ON 

d 

5 

d 

CM 

On 

O 

CM 

a 

o 


wo 

ON 

00 

d 

wo 

ON 

oo 

d 

« 

00 

d 


wo 

g 

d 

wo 

a 

d 

WO 

CM 

© 

d 

NO 

CM 

© 

d 

NO 

CM 

© 

© 

7 

© 

© 

g 

d 

00 

g 

d 

© 

g 

d 

© 

g 

© 

2 

a 



00 

«s 

d 


? 

9 

CM 

ro 

O 

d 


g 

9 

CM 

ON 

© 

■NT 


r- 

«* 

wo 

CM 

' 


CO 


wo 

-r 

£ 

9 

9 

CO 

1 

CM 

CO 

© 

CO 

WO 

tS 

tn 

£ 


7 

wo 

d 

■V 

wo 

d 


2 

d 

CM 

NO 

o 

co 

o 


s 

On 

d 

NO 

00 

© 

© 

NO 

© 

© 

d 


© 

NO 

d 

OO 

NO 

O 

5 

d 

3 

d 


3 

d 

CO 

SO 

© 

© 

NO 

d 

NO 

NO 

© 

© 

wo 

© 

n 

0J 

i: 

it 

no 

00 

oo 

!2 

d 

TT 

00 

O 

NT 

OO 

no 

o 

a 

WO 

NO 

d 

V) 

S 

wo 

d 

ON 

OO 

CM 

NO 

d 


p» 

r-> 

ON 

© 

© 

© 

© 

00 

© 

© 


NO 

CO 

d 

NO 

CM 

CM 

r* 

d 

CM 

NO 

© 

r- 

d 

© 

NiO 

© 

WO 

d 

NT 

© 

WO 

2 

d 

MT 

WO 

NO 

NO 

d 

OO 

wo 

TT 

NO 

© 

CO 

© 

NO 

NO 

© 

r* 

■NT 

NO 

NO 

© 

C-l 

© 

p^ 

NO 

© 

x 

CO 

a* 

* 

cT Co' 

< W 









CO 

9 

s 

9 

© 

9 


wo 

© 

NO 

ON 

C0 

© 

CM 


NO 

p-’ 

© 

© 

CM 

© 

© 

00 

NO 

© 

NO 

NO 

v5 

« 

to 

£ 


oo 

TT 

o 

O 

wo 

d 

CM 

no 

d 

NO 

wo 

5 

Cl 

wo 

d 

CM 

NO 

d 


g 

Os 

© 

VO 

MT 

On 

© 

CO 

wo 

© 

© 


CM 

NO 

© 

NO 

d 

© 

wo 

d 

CO 

NO 

© 


wo 

wo 

d 

NO 

© 

■NT 

NO 

© 

OO 

NT 

© 

CO 

NO 

d 

M 

« 

4) 

a- 









■*r 

NO 

On 

O 

NO 

ON 

d 

MT 

NO 

© 

© 

II 

WO 

vn 

© 

NO 

© 

CO 

NCI 

© 

© 

WO 

© 

NO 

© 

^r 

d 

© 

■NT 

© 

■NT 

© 

P- 

MT 

© 

NO 

d 

Coating Thickness (Mils) 

I ■ 
1 • 

i- ; T; 






















1 c 

1 e 

Oh 








III! 




;*rj 











H S' 

< b 








ill 




M 











1 

j> 

Oh 

• • i 






















to 

« 

1 























Mass 

3 ! 












pj:?;: 











ts 

d ~ 

J. 01) 
(/) ' — ' 
O 
Om 




•o 

2 

55 








i : •• 











to 

« ,-v 

*r oo 

O w 
£ 


oo 

V? 

co 

oo 

co 

cm 

WO 

wo 

00 

r- 

o 

o 

CM 

OO 

WO 

CM 

VI 

p- 

NO 

NO 

© 

oo 

ON 

P** 

NO 

r** 

P-; 


n 

© 

tt 

© 

CM 

CM 

© 

© 

CM 

r- 

CM 

© 

© 

© 

CM 


NO 

CM 

© 

t 

CM 

'NT 

CM 

00 

NO 

CM 

'NT 

CO 

S 

TT 

CM 

TT 

TT 

wo 

VO 

co 

or 

CM 

WO 

p- 

CM 

CM 

■NT 

CM 

M3 

•NT 

r"- 

CM 

•NT 

NO 

P- 

NO 

WO 

CM 

"T 

s 

© 

CM 

■NT 

OO 

NO 

© 

NO 

CM 

NT 

i — 
© 
© 
oo 
00 
CM 
■NT 


§ 

CA 

& 

tS 


0) 

■a 

d 

c 

o 

U 

4) 

1 

u 

0 

1— 

1 
o 

<u 

■a 


4> 

M 

03 

5 

1 

£ 

S 

C 

o 

O 


« 

i 

« 

1 

d 

§ 

d 

§ 

u 

X 

3 

E 

V 

*5 

S 

■a 

£ 

V 

a 

£ 

§ 

o 

d 

O 

\o 

O 

«H 

G 

O 

a 


ju 

D. 

CO 

co 

© 

S3 

*5 

ta 

no 

X 

co 

co 

X 

o 

NT 

X 

r- 

CM 

X 

oo 

CM 

X 

© 

r*~> 

X 

u 

•si 

2 oo 
S o 

d 

co 


s 

A 

8 

X 

a 

% 

2 . 

7 

CO 

X 

CM 

zn 

X 

CO 

CO 

X 

MT 

CO 

X 

NO 

CO 

X 

| 

CO 

a- 

CM 

CO 

Oh 

CO 

CO 

Oh 

■NT 

CO 

Cu 

NO 

CO 

Ch 


36 




APPENDIX B 


PPPL Test Raw Data 




February - March 1993 

Test Series 1 


cu~ 

y 

i 

9 

6 

a 

< 


0 001 (0)1) 

© 

I 

o 






O 

s 

o 

0004 (0.47) j 






(110) 100 0 



(110) 100 0 



s 

1 

9 

o> 

0 

1 

9 s 

So 

o 

9 

s 

o 

9 

s 

o 

9 

o 

s 

o 

o 

« ts 
o y 
^ H 


m 

oo 

oo 

© 

TT 

OO 

OO 

d 






3 

oo 

d 

O 

S 

d 






ro 

© 

ON 

d 



s 

ON 

d 



»n 

rs 

r- 

© 

vO 

P 

© 

8 

TT 

d 

00 

T 

© 

rs 

00 

cs 

© 

m 

vo 

rs 

© 

y « 
££ 

r- 

oo 

d 

CS 

00 

00 

© 

rs 

oo 

oo 

d 

CS 

oo 

oo 

d 

<N 

OO 

oo 

o 

m 

oo 

oo 

d 

CS 

oo 

oo 

d 

vO 

oo. 

d 

oo 

vn 

oo 

d 

r- 

NO 

OO 

d 

OO 

cn 

00 

© 

vO 

m 

oo 

o 

vrt 

tn 

00 

© 

00 

IO 

00 

d 

g 

On 



2 

On 

y«5 



• 

m 

r- 

© 

m 

m 

r-~ 

d 

ON 

ON 

■NT 

d 

© 

VN 

© 

m 

© 

m 

d 

ON 

rs 

© 

2 

Q 

a 

tf Cp' 
< ^ 


£ 

8 

9 

9 

I 

9 






<zr 

£T 

8 

© 

0 

c 

1 

o 






c 

§ 

o 



o 

o 



s 

r* 

o 

§ 

o 

i 

© 

s 

9 

8 

9 

9 

1 

9 

s* 

I 

o 

On 

9 

8 

O 

CO 

y 

CO 

O 

CL. 


CO 

oo 

00 

© 

00 

00 

o 






wn 

TT 

d 

oo 

c/^ 

tr 

d 






TT 

rr 

m 

d 



VO 

LTl 

rs 

d 



o 

o 

© 

© 

rr 

d 

t/~i 

vO 

r^i 

© 

rs 

r* 

rn 

© 

rs 

m 

© 

S3 

© 

'So 

y 

£ 

Cu 


VO 

oo 

oo 

o 

Os 

r- 

00 

d 

rS 

00 

oo 

d 

oo 

oo 

oo 

d 

On 

r^ 

00 

d 

m 

ON 

oo 

d 


TT 

■*T 

d 

On 

TT 

d 

vn 

NTV 

'T 

d 

m 

© 

On 

TT 

TT 

© 

NT» 

NT» 

TT 

© 


V*l 

r“> 

m 

© 

m 

fTj 

© 


vo 

(S 

rs 

© 

rs 

TT 

rs 

d 


r* 

On 

m 

d 

LTV 

© 

TT 

d 

oo 

NO 

d 

TT 

r- 

m 

o' 

vn 

ro 

© 

ON 

m 

O 

ft* 

00 

Oh 

■J 

if 

sfc? 
< e 


S 

r. 

r~ 

o 

9 

s- 

o 

o 

o 






8 

o 

S' 

e 

o 

o 






O' 

« 

S 

e 

o 



S' 

o 

o 

o 



9 

8 

© 

i 

© 

s 

9 

o 

9 

? 

i 

9 

P 

V 

■» 

0 

9 

to 

y 

to 

£ 


XT 

<N 

00 

d 

rs 

m 

00 

d 






ON 

ON 

r-> 

d 

<N 

TT 

d 






ro 

m 

© 



<N 

<N 

«N 

© 



ON 

NO 

m 

© 

ON 
NO 
r * i 

d 

r* 

rs 

rr> 

d 

rs 

© 

On 

00 

rs 

© 

rs 

00 

rs 

© 

to 

y 

1 

t 

r< 

oo 

© 

■9- 

00 

d 

rs 

m 

00 

d 

■ST 

00 

d 

vo 

s 

6 

r- 

m 

00 

d 

■NT 

■V 

OO 

d 

£ : : 
© :• 

i 

o 

c£ 

r-J 

d 

8 

d 

m 

© 

■9- 

d 

vn 

ON 

m 

© 

-VT 

ON 

m 

© 

8 

TT 

© 


ro 

m 

© 

On 

© 

r*> 

© 

: ;i : 

m 

ON 

© 

© 


s 

m 

d 

vn 

VO 

m 

© 

00 

m 

m 

© 

00 

m 

m 

© 

On 

rs 

© 

>5 

Cn 

rs 

© 

Coating Thickness (Mils) 

to 

£ c 
1 * 


o 

c? 

m 

© 

d 

o 

§ 

o 

d 





• : i 

o 

C! 

VN 

m 

O 

d 

o 

§ 

m 

© 

© 





' 







NT» 

C! 

rs 

© 

d 

N/N 

CJ 

rs 

© 

© 

§ 

8 

© 

vn 

CJ 

ro 

© 

©' 

cj 

rs 

© 

© 

vn 

C! 

r^i 

© 

© 

to _ 
y C 

1 * 


m 

TT 

o 

d 

o 

oo 

o 

o 

d 

© 

«n 

o 

d 

o 

00 

8 

o 

o 

NO 

o 

d 

o 

o 

d 


o 

rN 

o 

d 

© 

a 

<r 

m 

© 

© 

© 

CJ 

TT 

O 

© 

© 

CJ 

00 

<N 

© 

d 

© 

CJ 

VO 

fN 

© 

© 

© 

CJ 

rs 

rs 

© 

© 








«/N 

CJ 

ON 

© 

© 

d 

vn 

s 

© 

© 

LTN 

CJ 

oo 

© 

© 

© 

V*N 

2 

© 

© 

t- 

2 

© 

© 

*n 

© 

© 

f- 

<3 


o 

o 

d 

o 

o 

d 






o 

o 

o 

d 

8 

© 

© 












© 

s 

© 

© 

s 

d 

©, 

©* 

© 

d 

© 

o 

© 

© 

ri 

© 

d 

© 

rs 

© 

© 

to 

_y 

CO 

O 

ft. 


TT 







vO 

cn 

d 

oo 

Ln 

d 





- 







■NT 

d 

"9* 

© 

© 

oo 

o 

© 

© 

r- 

© 

© 

© 

vn 

© 

d 

© 

NO 

o 

o 

to 

y 

I 

VO 

OO 

t 

■<T 

TT 

TT 

■^r 

TT 

© 

VO 

d 

NO 

m 

d 

oo 

VTt 

© 

VO 

© 

00 

*/"» 

d 

VO 

NO 

© 

NO 

© 








© 

© 

O 

d 

© 

00 

© 

© 

© 

oo 

© 

© 

© 

rs 

o 

© 

© 

© 

© 

t/i 

t/i 

a 

2 

31 


oo 

o 

o 

r-» 

o 

d 






r- 

o 

d 

© 





|;|S 



: : , 



11 

9 

r- 

rs 

9 

cs 

d 

■V 

d 

vn 

9 

9 

to 

a ^ 

J. 00 

CO ' — ' 
£ 


v/'-i 

O 

CS 

m 

TT 

r- 

Z 

rr 






t" 

v~> 

r- 

8 

R 

TT 






rs 

ON 

rs 

© 



m 

© 



rs 

rs 

oo 

TT 

NT 

rs 

r- 

Pn 

m 

rs 

<N 

■V 

TT 

m 

rs 

m 

00 

9 

rs 

-o 

CrJ 

r^i 

rs 

to 

£ ^ 
V oo 

£ “ 


on 

m 

sr 

g 

-9; 

f**> 

CS 

O 

m 

-VT 



00 

O 

OV 

<N 

'T 

o 

o 

o 

m 

■nt 

_n 

no 

m 

■*r 

jg; 

vn 

NO 

ON 

oo 

<s 

LTJ 

V 

m 

oo 

© 

LO 

On 

m 

© 

m 

^ 1 

VO 

S 

r- 

NT 

^T 

© 

ON 

m 

On 

TT 

1. 








<s 

oo 

© 

■NT 

rs 

© 

© 

vr» 

sr 

rs 

ON 

rs 

m 

m 

rs 

VO 

vn 

NT 

m 

rs 

00 

ON 

T 

rs 

r- 

ts 

cn 

m 

rvi 


§ 

CO 

a 

X 

W 

c 

o 

2 

l 2 

zeg 

a. 

a. 

CL. 

a. 

ft. 





C 

£ 

1= 

i* 

a. 

Cu 

CU 

ft. 





1 

1 = 
-J DC 

ft. Q. 
0. 


c 

£ 

l-r 

i* 



in 

Ji 0C 

£ 

Cl. 

•-J 

ft, 

ft. 

ft. 

1 s 
a. 

£ 

Cu 

lo, 
— 1 ^ 
a. cl . 

a. 

a. 

•—3 

cu 

ft. 

Cu 


ju 

a. 

£ 

c3 

E/D 

u 

■5 

o 

2 

3 

a 

5 

rs 

a 

m 

Q 

3 

l/'N 

Q 

S 

o 

r 

3 

X 

c. 

*3 

oo 


C/D 

m 

C/D 

TT 

C/D 

NO 

C/D 

vO 

CO 

i 

i 

< 

i 

< 

Vs 

O 

C2 

< 

I 

u 

a 

o 

C2 

Vs 

U 

a 

u 

2 

H 

r- 

r* 

T 

TT 

g 

O 

m 

rs 

© 

m 


c 

cj 

£ 

o 


•5 

£ 

3 

z 


o 

a. 

o 

o 


u 

2 


■S -2 


fc 


8 „ 

w H 


u 

__ . -S' 

j= ^ *o 
_CJ3 O W 

3 ® . 


es 

© 


& 

X 


rs 

lS 

rs 


— <* 


i; 

£ 

8 

£ 

o 

3 

o 

c 

CO 

CO 

o 

T3 

© 

« 



X 

x: 

■NT 

o 

00 

mSZ 

NO 


tt 

rs 


CO 

o 


u 

T3 

c 

3 

o 

re 

3 


c 

00 

O 

>— 

< 

c2 


39 




February - March 1993 

Test Series 2 



40 


AO Fluence = 7.2 x 10™ atoms/cm 1 except for Ag Teflon #1 and #2 which had a 
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